Climate projections from three atmosphere-ocean climate models with a range of low to mid-high temperature sensitivity forced by the Intergovernmental Panel for Climate Change SRES higher, middle, and lower emission scenarios indicate that, over the 21 st century, extreme heat events for major cities in heavily air-conditioned California will increase rapidly. These increases in temperature extremes are projected to exceed the rate of increase in mean temperature, along with increased variance. Extreme heat is defined here as the 90 percent exceedance probability suggests that peak electricity demand will challenge current supply, as well as future planned supply capacities when population and income growth are taken into account.
INTRODUCTION
Since 1980, U.S. electricity demand has increased by more than 75 percent, with the largest increases in the residential and commercial sectors for space heating and cooling. As the southwestern U.S. becomes more populated, and extreme heat days become more frequent, electricity demand will continue to rise. A 2005 Government Accounting Office report (GAO 2005 ) on meeting energy demand in the 21 st century states that the U.S. accounts for 5 percent of the world's population, yet consumes 25 percent of the annual energy used worldwide. The GAO report concludes that due to the consumer choices of high consumption, all major fuel sources face environmental, economic, or other constraints or trade-offs in meeting projected demand. Clear and consistent policy is therefore needed to guide energy markets, suppliers, and consumers. The nation's energy infrastructure, its refinery capacity, and electricity line transmission system have not adequately kept up with peak demand, and electricity supply shortfalls have resulted. Electricity generation and transmission deregulation have compounded these problems, as remote transmission and energy gaming have pushed electricity flow up to and beyond the capacity limit, 4 often resulting in electricity supply failure. This has already occurred during extreme summer heat events over the last several years, most notably in the summer of 2003, when a system failure resulted in the largest blackout in U.S. history leaving as many as 50 million people without power for several days.
In addition to increasing electricity demand, significant increases in the frequency, intensity, and duration of summertime extreme heat days are also projected due to climate change [Houghton, et al. 2001; Hayhoe et al. 2004; Miller and Hayhoe 2006] . Extreme heat days are defined here as the 10 percent warmest days of the summer, calculated as warmest days exceeding the 90 percent probability of the summertime daily maximum temperatures (T90) for a given location or region. The correlation between daily mean near-surface air temperature (Ta) and peak electricity demand during such T90 heat extremes suggests the potential for significant temperature-driven increases in future electricity demand for air conditioning [Balzer et al. 1996 , Amato et al. 2005 , Mendelsohn and Neumann, 1999 , Rosenthal and Gruenspecht. 1995 Henley and Peirson, 1998 , Cartalis, et al. 2001 , Valor et al. 2001 . For example, Colombo et al. [1999] analyzed the frequency of extreme heat and electricity demand for nine Canadian cities using the current climate and a warmer climate based on a doubling in atmospheric greenhouse gas (GHG) emissions. Their study suggests that a 3 o C increase in the daily maximum temperature would lead to a 7 percent increase in the standard deviation of current peak energy demand during the summer. over the coming century may further strain energy providers, resulting in electricity shortages and negative health and economic impacts.
The next section describes the details of our approach to determining historical and projected extreme heat frequency, intensity, and duration, cooling degrees days, and electricity demand. This is followed by a discussion of the results and evaluation of a potential adaptation strategy, and lastly, the conclusions.
APPROACH
To quantify the impacts of extreme heat days on peak electricity demand, the California energy capacity analyses, and are often described as the 1-in-10 JJAS high temperature days. In addition to the T90 values, we calculate JJAS cooling degree days, which are defined by the National Climatic Data Center (Owenby et al. 2005) as, CDD = (Ta -Tac)*days, where Ta is the daily mean near-surface air temperature,
is an average daily-mean temperature threshold for human thermal comfort, and days is the number of days with temperatures exceeding Tac.
Intensity is simply the difference between Ta and Tac, but it can be further broken down into daytime (maximum) and nighttime (minimum) temperature intensities.
Humidity also plays a role in the human thermal comfort threshold; however,
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California is very dry during the summer and therefore this is not a significant factor for this region.
In our analysis of changes in extreme heat we implicitly account for technology and population change through atmosphere-ocean general circulation model (AOGCMs) projections forced by the IPCC Special Report on Emission Scenarios (SRES) [Nakicenovic´ et al. 2000] . The SRES scenarios include a range of population increases and accompanying technological and societal changes.
However, in the calculation of California's regional energy demand we hold technology and population at today's levels in order to quantify the range of possible outcomes as a perturbation about the historical demand. This perturbation approach has been used in previous impact assessment studies [e.g. IPCC 2001 , USGCRP 2000 . It provides a constrained estimate of potential outcomes that can be extrapolated using a range of projected changes in population and technology applied to demand. In our discussion we explore the possibility of such extrapolated scenarios, although technological advancement is difficult, if not impossible, to project beyond about a 10 year timeline due to the large uncertainties pertaining to the rate of discovery, evaluation, and social adaptation of new technologies.
Similar to previous assessments of temperature and extreme heat increases for 
FIGURE 1 HERE
As also illustrated in Figure Future projections were then averaged for three time periods (2005-2034, 2035-2064 and 2070-2099) in order to produce climatological near-term, mid-term, and longterm projections of increased temperatures for California on which to base estimates of future shifts in the timing and magnitude of electricity demand.
RESULTS
In order to determine the likely impacts of climate change under higher and lower emissions scenarios, we calculated projected increases in average daily 11 temperature, the number of future days that will exceed the historical T90 threshold, and average JJAS CDD values. These projections are then used as the basis for determining changes in State-wide and urban demand for electricity for cooling under assumptions of present-day population and technology. Lastly, we extrapolate the impacts of upper and lower-bound population growth and technology advances in California to estimate the likely future range of peak electricity demand and also evaluate the potential to mitigate the impact of temperature on electricity shortages through adaptation.
a. Projected Increases in T90 Events
During the historical period , T90 events occur an average of just over 12 times per year, making up 10 percent of JJAS days. Using the threshold for defining a historical T90 event (see Table 1 for T90 threshold temperatures), we then evaluate the number of days projected to exceed this threshold in the future, both at the State level and for the five urban centers examined here.
As average temperatures rise, we find that the historical T90 threshold will be exceeded more frequently. Moreover, T90 events are expected to be more intense scenarios, and by 4.0-11.2 percent under the B1 scenario. Much of this increased peak demand is projected to occur simultaneously across the state, as extreme heat events are of a regional rather than local nature, raising concerns regarding the reliability and structural stability of the energy grid to supply the needs of all sectors, including industrial, residential, and emergency services.
In our demand analysis we hold the Gross Daily Product (GDP) and aggregate population constant at today's level to illustrate the effect of the increased frequency of extreme heat days on peak electricity demand. Based on this approach, the increases in aggregate demand come from temperature-induced increases in the per capita rate of electricity consumption. CEC (2005) forecasts reflect a growth of 16 aggregate peak electricity demand essentially matching population growth. This implies that improvements in "electricity efficiency" of the economy have to exactly offset the increased demand.
Of course, it is not only the increased frequency of extreme heat days that drives up peak demand. Economic growth of California's economy measured by increasing the gross state product is another main determinant of electricity demand. While historically per capita energy consumption has been flat, due to aggressive energy efficiency programs, technological advances will have to offset increases from both of these factors in order to grow electricity supply at the same rate as population growth.
DISCUSSION
Projected increases in extreme temperatures characterized by a T90 threshold, cooling degree days, and direct estimates of electricity demand all suggest that electricity demand in California is likely to continue to rise over this century.
Although California's installed electricity capacity will also continue to grow over time, at its current rates of growth suggest frequent summer electricity shortages may occur as early as 2020. This scenario is particularly more likely for southern California, where the electricity operating reserve has already dropped below the 5 percent reserve margin during multiple hot days in recent years. By the end of this century, all model/scenario combinations indicate an increase in region-wide extreme temperature conditions of a severity associated with electricity shortages under the current configuration of the electric power system and patterns of demand.
Furthermore, population estimates suggest a large influx along major transportation corridors in the California Central Valley, a region that is already very hot during JJAS, requiring air conditioner use. If we were to impose a doubling and a quadrupling of the population within the Central Valley during this century, then the demand side will also increase proportionally and supply will consequently need to be doubled or quadrupled as well. As mentioned earlier, technological advancement is highly unpredictable; however, there is always the possibility of breakthroughs.
The natural conclusion arising from projections such as these is that electricity production must be significantly increased. However, in future years, meeting
California's demand for electricity -including peak power -will most likely require a combination of new supplies, improved transmission and distribution facilities, and further enhancement of the demand-side policies and programs that are already in place. In particular, adaptation to future change through widespread adoption of conservation and passive cooling strategies may have the potential to significantly reduce the projected increase in future electricity demand. By raising the average temperature threshold at which air conditioning is commonly turned on through adaptation strategies such as the use of fans and flow though ventilation, less electricity would be required for cooling under a given temperature regime. This is Considering that significantly higher CDD values and related electricity demand result from higher, as compared with lower emission scenarios, and that most affordable near-term options for increasing electricity supply via fossil fuels also involve simultaneous increases in greenhouse gas emissions, these estimates of adaptation potential have important implications for decision-making at the city and state level.
19

FIGURE 4 HERE
SUMMARY AND CONCLUSIONS
All indicators point to increases in summer electricity demand in California, even when confounding factors such as increased population and market saturation of air conditioning are disregarded. Through calculation of projected increases in extreme heat and electricity demand, we are able to quantify the difference in potential impacts resulting from lower and higher emissions scenarios. Model uncertainties notwithstanding, extreme heat and associated human health risks and electricity demands under the B1 lower emissions scenario are significantly lower than those projected to occur under the A2 and A1fi higher scenarios. Calculations of electricity demand under a range of human comfort levels also highlight the potential for adaptation to play a major role, reducing projected increases in electricity demand by roughly one third for inland cities, and by as much as 95 percent for cooler coastal cities.
Alternative technologies such as solar photovoltaic electricity generation represent an important future technology for this region, with electricity production being proportional to solar radiation and thus closely matching summer peak electricity demand [Borenstein 2005 ]. Technologies such as these have the potential to reduce the cost associated with increased demand for cooling under a warmer climate without increasing emissions of greenhouse gases that are causing the problem in the first place.
20
In conclusion, the influence of climate change on extreme heat and electricity demand in California and other similar air-conditioned regions is likely to challenge current-day providers, spur conservation and adaptation measures, and raise questions regarding the potential for mitigation to reduce projected increases through following a lower emissions pathway worldwide. 
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